We have measured the optical linear polarization of quasars belonging to Gpc-scale quasar groups at redshift z ∼ 1.3. Out of 93 quasars observed, 19 are significantly polarized. We found that quasar polarization vectors are either parallel or perpendicular to the directions of the large-scale structures to which they belong. Statistical tests indicate that the probability that this effect can be attributed to randomly oriented polarization vectors is of the order of 1%. We also found that quasars with polarization perpendicular to the host structure preferentially have large emission line widths while objects with polarization parallel to the host structure preferentially have small emission line widths. Considering that quasar polarization is usually either parallel or perpendicular to the accretion disk axis depending on the inclination with respect to the line of sight, and that broader emission lines originate from quasars seen at higher inclinations, we conclude that quasar spin axes are likely parallel to their host large-scale structures.
Introduction
, hereafter Papers I, II, III) have reported alignments of quasar optical linear polarizations extending over Gpc-scale regions of the sky at redshift z ∼ 1 (see also Jain et al. 2004 , Shurtleff 2013 , Pelgrims and Cudell 2014 . Possible effects modifying the polarization of light along the line of sight, in particular mixing with axion-like particles, have been investigated in details (e.g., Das et al. 2005 , Agarwal et al. 2012 ). However, due to the absence of comparable circular polarization, these mechanisms have been essentially ruled out (Hutsemékers et al. 2010 , Payez et al. 2011 .
Since quasar polarization is often related to the object geometry, another interpretation would be that quasars themselves are aligned, presumably with the structure to which they belong. To test this hypothesis, we have measured the polarization of quasars belonging to the large quasar group (LQG) constituted of the groups U1.27 (aka Huge-LQG) and U1.28 (aka CCLQG) described in Clowes et al. (2013) . These quasar structures extend over Gpc scales at redshift z ∼ 1.3, possibly beyond the homogeneity scale of the concordance cosmology (∼ 370 Mpc, Yadav et al. 2010 ; but see Nadathur 2013 , Einasto et al. 2014 ).
Observations and polarization measurements
Observations were carried out at the European Southern Observatory, Paranal, on March 22-26, 2014, using the Very Large Telescope equipped with the FORS2 intrument in the standard imaging polarimetry mode IPOL 1 . Linear polarimetry is performed by inserting in the parallel beam a Wollaston prism which splits the incoming light rays into two orthogonally polarized beams separated by 22
′′ . Image overlapping is avoided by inserting a special mask in the focal plane. To measure the normalized Stokes parameters q and u, 4 frames are obtained with the half-wave plate rotated at 4 position angles, 0
• , 22.5
• , 45
• , and 67.5
• . This procedure allows us to remove most of the instrumental polarization. The linear polarization degree p and position angle θ are derived using p = (q 2 + u 2 ) 1/2 and θ = 1/2 arctan (u/q) so that q = p cos 2θ and u = p sin 2θ. Since orthogonally polarized images of the object are simultaneously recorded, the measured polarization does not depend on variable transparency or seeing.
All observations were obtained using the FORS2 V_high filter (λ 0 = 555 nm, FWHM = 123 nm). Data reduction and measurements were performed as detailed in Sluse et al. (2005) . The instrumental polarization was checked using the unpolarized stars WD0752−676 and WD1615−154 (Fossati et al. 2007 ) and found to be p = 0.05 ± 0.06%, which is consistent with zero 2 . Note that we did not use field stars to estimate A&A proofs: manuscript no. aa24631 Notes. Column 1 gives the quasar SDSS name, column 2 the redshift z, column 3 the quasar group (Fig. 4) , columns 4 and 5 the polarization degree p ans its error σ p , columns 6 and 7 the polarization position angle θ and its error σ θ , columns 8 and 9 the MgII emission line FWHM and its error from Shen et al. (2011) . • 922 (Fossati et al. 2007 ). The offset -to subtract from the raw polarization angle-was determined to be 2.5
• ±0.5
• in the V_high filter.
The linear polarization of all 73 quasars of the Huge-LQG and of 20 out of the 34 quasars of the CCLQG has been obtained, i.e., for a total of 93 quasars. Table 1 summarizes the measurements. The error on the polarization degree is between 0.06% and 0.23%, with a mean value of 0.12%. The distribution of the debiased polarization degree is illustrated in Fig. 1 . It shows a peak near the null value, in agreement with other polarization measurements of radio-quiet non-BAL quasars (Berriman et al. 1990 , Hutsemékers et al. 1998b ). All objects are at galactic latitudes higher than 50
• which minimizes contamination by interstellar polarization. In this region of the sky, the interstellar polarization is around p is ≃ 0.1% with a peak near 50
• (Fig. 2) . As in Papers I-III, we consider that polarization is essentially intrinsic to the quasar when p ≥ 0.6% (Berriman et al. 1990 , Hutsemékers et al. 1998b . Out of 93 quasars, 19 have p ≥ 0.6%. Their properties are given in Table 2 . For these 19 polarized quasars, σ θ ≤ 10
• with an average value around 3
• . 
Analysis of polarization alignments
In Fig. 3 we show a map of the quasar polarization vectors over the LQG structure. The map does not show any evidence for coherent orientations or alignments. The distribution of the polarization angles is flat, compatible with random orientations and with no contamination by interstellar polarization. In order to compare the quasar polarization angles to the direction of the local structures, we consider four structures for which we determine a mean orientation, as illustrated in Fig. 4 . Group 4 is the CCLQG defined in Clowes et al. (2012) . The Huge-LQG is divided in groups denoted 1, 2 and 3. Group 3 corresponds to the "branch" set of 17 quasars identified by Clowes et al. (2013) . The large vertical part of the Huge-LQG is then separated into groups 1 and 2. The mean projected direction of the structures is determined by an orthogonal regression in right ascension, declination (Isobe et al. 1990 ). For groups 1, 2, 3, 4, we measure the position angles PA = 157
• , 164
• , 81
• , and 109
• , respectively. We estimate the acute angle between the quasar polarization vectors and the PA of the structures to which they belong using ∆θ = min (|PA − θ | , 180
• − |PA − θ |). The distribution of ∆θ is illustrated in Fig. 5 . It shows a bimodal distribution, with both alignments (∆θ ≃ 0
• ) and antialignments (∆θ ≃ 90
• ) in each quasar group (except group 3). The cumulative binomial probability to have 9 or more quasars in the first and the last bins is P bin = 1.4%. The Kuiper test (Arsham 1988 , Fisher 1993 ) gives a probability P K = 1.6% that the observed distribution is drawn from an uniform distribution. These results are robust if we consider the 28 quasars with p ≥ 0.5% (in this case P bin = 1.2% and P K = 1.0%).
A bimodal distribution of ∆θ is exactly what we expect if the quasar morphological axes are related to the orientation of the host large-scale structures. Indeed, the polarization of type 1 AGN is usually either parallel or perpendicular to the AGN accretion disk axis depending on the inclination with respect to the line of sight (e.g., Smith et al. 2004 ). We may assume that higher luminosity AGN (quasars) behave similarly. In Fig. 6 , the quasar polarization angles modified according toθ = mod(θ, 90
• ) + 90
• are plotted over the LQG structure, unveiling a remarkable correlation. We stress that such a behavior cannot be due to contamination by interstellar polarization which would align all polarizations similarly.
To quantify the significance of this correlation independently of the shape of the host structure, we use the Andrews and Wasserman Z c statistical test (Bietenholz 1986, Paper I) . This test is best suited to small samples since it does not involve angle dispersion. The idea of the Andrews & Wasserman test is to compute for each object i, the mean directionθ i of its n v nearest neighbours, and to compare this local average to the polarization angle of the object i, θ i . If angles are correlated to positions, one expects, on the average, θ i to be closer toθ j=i than toθ j i . As a measure of the closeness of θ i andθ j , one uses D i, j = y i .Ȳ j , where y i is the normalized polarization vector of object i and Y j the normalized resultant polarization vector of the n v neighbours of object j, excluding j. Then Z i is computed by ranking D i, j=i among the D i, j=1,n and the final statistics Z c is obtained by averaging the Z i over the sample of n objects. Z c is expected to be significantly larger than zero when the polarization angles are not randomly distributed over positions. To make the test independent of the coordinate system, polarization vectors can be parallel transported before computing the resultant polarization vectors (Jain et al. 2004) . Here, the polarization vectors are com- puted using y = (cos Θ, sin Θ) with Θ = 4 mod(θ, 90
• ) instead of Θ = 2θ = 2 mod(θ, 180
• ) to test for either alignments or antialignments (i.e., dealing with 4-axial data instead of 2-axial data, The significance level of the Z c test is illustrated in Fig. 7 . It shows that the probability that the polarization angles are randomly distributed over positions is smaller than 1%. The effect is stronger (S.L. < 0.1%) when the mean orientation is computed with 10 nearest neighbours, i.e., roughly half of the sample. This number corresponds to a mean comoving distance of ∼ 550 Mpc, in agreement with the trend seen in Fig. 6 . Parallel transport has little effect since all quasars lie close to each other and to the equator. We emphasize that a deviation from uniformity is only detected when using 4 mod(θ, 90
• ) in the Z c test and not when using 2 mod(θ, 180
• ), which means that purely parallel or perpendicular alignments are not seen (Fig. 3) . If we consider the 28 quasars with p ≥ 0.5%, a similar curve is obtained with the minimum shifted to n v = 20, which corresponds to a mean comoving distance of ∼ 650 Mpc.
Since the width of low-ionization emission lines (Hβ, MgII) observed in quasar spectra correlates with the object inclination with respect to the line of sight (Wills and Brown 1986 , Brotherton 1996 , Jarvis and McLure 2006 , Decarli et al. 2008 , we plot in Fig. 8 the angle ∆θ as a function of the quasar MgII emission line width (FWHM from Shen et al. 2011) . We see that most objects with polarization perpendicular to the host structure (∆θ > 45
• ) have large emission line widths while all objects with polarization parallel to the host structure (∆θ < 45
• ) have small emission line widths. A two-sample Kolmogorov-Smirnov test indicates that there is a probability of only 1.4% that quasars with either perpendicular or parallel polarizations have emission line widths drawn from the same parent population. Quasars seen at higher inclinations 3 generally show broader low-ionization emission lines, in agreement with line formation in a rotating disk (Wills and Brown 1986 , Jarvis and McLure 2006 , Decarli et al. 2008 ). The relation seen in Fig. 8 thus supports our hypothesis that the polarization of quasars is either parallel or perpendicular to the host structure depending on their inclination. When rotating by 90
• the polarization angles of objects with MgII emission line widths larger than 4300 km s −1 , a stronger alignment is seen (Fig. 9) . The Kuiper test gives a probability P K = 0.5% that the observed distribution is drawn from an uniform distribution. But this value should be seen with caution since the cut at 4300 km s −1 is arbitrary. On the other hand, it should be emphasized that the emission line width does not only depend on inclination but also on the mass of the central black hole if the rotating disk is virialized. Quasars with lower black hole mass will have narrower emission lines whatever their inclination so that some of them may still appear anti-aligned in Fig. 9 .
Since objects seen at higher inclinations preferentially show polarization perpendicular to their axes (Smith et al. 2004 ), we finally infer that quasar spin axes should be predominantly parallel to the orientation of the structures to which they belong.
Conclusions
We have measured the polarization of 93 quasars belonging to large-scale quasar groups. 19 quasars out of 93 are significantly polarized with p ≥ 0.6%.
We found that quasar polarization vectors are either parallel or perpendicular to the large-scale structures to which they belong, and correlated to the polarization vectors of their neighbours. The probability that these results can be attributed to a random distribution of polarization angles is of the order of 1%. Such a behavior cannot be due to contamination by interstellar polarization. Our results are robust if we consider p ≥ 0.5% instead of p ≥ 0.6%, or if we subtract a systematic p is = 0.1% at θ is = 50
• to simulate the correction of a possible contamination by interstellar polarization (Fig. 2) .
Assuming that quasar polarization is either parallel or perpendicular to the accretion disk axis as a function of inclination, as observed in lower luminosity AGN, and considering that broader emission lines originate from quasars seen at higher inclinations, we inferred that quasar spin axes are likely parallel to their host large-scale structures.
Galaxy spin axes are known to align with large-scale structures such as cosmic filaments (e.g., Tempel and Libeskind 2013, Zhang et al. 2013 , and references therein). Till now, such alignments are detected up to redshift z ∼ 0.6 at scales 100 Mpc (Li et al. 2013) . Detailed interpretations remain complex because the link between galaxy and halo spin axes is not straightforward, and because the strength and orientation of the alignments depend on several factors, in particular the mass of the halo and the cosmic history (e.g., Hahn et al. 2010 , Trowland et al. 2013 , Dubois et al. 2014 . We have found that quasar accretion disk axes are likely parallel to the large-scale structures to which they belong over Gpc scales at redshift z ∼ 1.3 , i.e., one order of magnitude bigger than currently known galaxy alignments. Although the scales involved are much larger, we may assume that similar mechanisms can explain alignments of quasar and galaxy axes with their host large-scale structure, keeping in mind that polarization-related quasar regions (accretion disk, jet, scattering region) are not necessarily well aligned with the stellar component of the host galaxy (Borguet et al. 2008 , Hopkins et al. 2012 , and that quasars, more prone to strong feedback mechanisms, can have a different cosmic history (Dubois et al. 2014) .
Since coherent orientations of quasar polarization vectors, and then quasar axes, are found on scales larger than 500 Mpc, our results might also provide an explanation to the very largescale polarization alignments reported in Papers I-III. In this case those alignments would be intrinsic and not due to a modification of the polarization along the line of sight. The existence of correlations in quasar axes over such extreme scales would constitute a serious anomaly for the cosmological principle. 
